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The  Proportion  of  Sediment-sensitive  Invertebrates  (PSI) index  is  a biomonitoring  tool that is designed  to
identify  the  degree  of  sedimentation  in  rivers  and  streams.  Despite  having  a sound  biological  basis,  the tool
has  been  shown  to have  only  a moderate  correlation  with  ﬁne  sediment,  which  although  comparable  to
other  pressure  speciﬁc  indices,  limits  conﬁdence  in  its application.  The  aim of this  study  was  to investigate
if  the  performance  of the  PSI  index  could  be enhanced  through  the  use  of  empirical  data  to supplement  the
expert  knowledge  and  literature  which  were  used  to determine  the  original  four  ﬁne  sediment  sensitivity
ratings.  The  empirical  data  used,  comprised  observations  of  invertebrate  abundance  and  percentage  ﬁne
sediment,  collected  across  a wide  range  of  reference  condition  temperate  stream  and  river ecosystems
(model  training  dataset  n = 2252).  Species  were  assigned  sensitivity  weights  within  a  range  based  on
their  previously  determined  sensitivity  rating.  Using  a range  of  weights  acknowledges  the  breadth  of
ecological  niches  that  invertebrates  occupy  and  also  their  differing  potential  as  indicators.  The  optimum
species-speciﬁc  sensitivity  weights  were identiﬁed  using  non-linear  optimisation,  as those  that  resulted
in the  highest  Spearman’s  rank correlation  coefﬁcient  between  the  Empirically-weighted  PSI  (E-PSI)
scores  and deposited  ﬁne  sediment  in  the  model  training  dataset.  The correlation  between  percentage
ﬁne  sediment  and  E-PSI  scores  in  the  test  dataset  (n =  252)  was  eight  percentage  points  higher  than
the  correlation  between  percentage  ﬁne  sediment  and  the  original  PSI  scores  (E-PSI rs = −0.74,  p <  0.01
compared  to PSI  rs = −0.66,  p < 0.01).  This  study  demonstrates  the value  of combining  a  sound  biological
basis  with  evidence  from  large  empirical  datasets,  to test  and  enhance  the  performance  of  biomonitoring
tools  to increase  conﬁdence  in  their  application.
© 2015  The  Authors.  Published  by Elsevier  Ltd. This  is an open  access  article  under  the  CC BY  license
conditions/dynamics (Bilotta et al., 2012; Grove et al., 2015), the
index is designed to be used alongside a reference-based model (e.g.
River Invertebrate Classiﬁcation Tool), where observed PSI scores. Introduction
Fine sediment (<2 mm)  is an essential component of freshwa-
er ecosystems, critical for habitat heterogeneity and ecosystem
unctioning (Owens et al., 2005). However, when levels devi-
te from natural conditions, ecological degradation can occur
reviewed in Bilotta and Brazier, 2008). The PSI index is a
ressure-speciﬁc biomonitoring tool, designed to identify the
mpacts of deposited ﬁne sediment, using standardised kick-
amples of the benthic invertebrate community (Extence et al.,
011). The tool was developed using previous literature and expert
nowledge of invertebrate morphological/physiological traits that
re associated with either a sensitivity or tolerance to ﬁne
∗ Corresponding author. Tel.: +44 1273 643318.
E-mail address: m.turley@brighton.ac.uk (M.D. Turley).
ttp://dx.doi.org/10.1016/j.ecolind.2015.02.011
470-160X/© 2015 The Authors. Published by Elsevier Ltd. This is an open access article u(http://creativecommons.org/licenses/by/4.0/).
sediment, in order to select and assign species to one of four
Fine Sediment Sensitivity Ratings (FSSRs).1 The tool thus has a
sound biological basis and is linked to ecological niche theory
(Hirzel and Le Lay, 2008). The sensitivity ratings are used to
assign abundance-weighted scores, which are then used to calcu-
late (Eq. (1)) PSI scores ranging from 0 (heavily sedimented) to 100
(unsedimented). Given that rivers vary in their natural sediment1 Fine Sediment Sensitivity Ratings (FSSRs): Group A (highly sensitive) and
Group D (highly insensitive) – Log abundance scores: 1–9 individuals present = 2;
10–99 = 3; 100–999 = 4; 1000+ = 5; Group B (moderately sensitive) and Group C
(moderately insensitive) – Log abundance scores: 1–9 individuals present = 1;
10–99 = 2; 100–999 = 3; 1000+ = 4.
nder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Table  1
Characteristics of the River InVertebrate Prediction And Classiﬁcation System sites.
Site characteristics
Mean annual precipitation (between 1961
and 1990)
430 mm–2930 mm
Mean annual temperature (between 1961
and 1990)
7.93–11.45 ◦C
Geology Various – from hard igneous
rock to soft sedimentary rock
Altitude at river source 5–1216 m
Average river width 0.4–117 m
Average river depth 0.02–3.00 m
Mean annual discharge <0.31 m3 s−1 to >80.00 m3 s−1
Slope 0–150 m km−1
Substratum percentage cover of ﬁne
sediment (<2 mm)
0–100%
Substratum percentage cover of gravels
and pebbles
0–98%
c
d
P
w
i
s
t
t
t
b
r
F
r
l
o
g
a
i
w
b
p
o
2
2
2
t
a
s
d
a
1
w
m
a
t
v
a
extensive literature review (Extence et al., 2011) and expert judge-
ments, and were based on invertebrate traits such as physiologicalSubstratum percentage cover of cobbles
and boulders
0–100%
an be compared to the expected reference-condition PSI scores to
etermine whether the site is impacted by ﬁne sediment:
SI( ) =
∑
Scores for Sediment Sensitivity Groups A and B
∑
Scores for all Sediment Sensitivity Groups A–D
· 100
(1)
Eq. (1): Formula used to calculate PSI scores using abundance
eighted scores.
A  recent evaluation of the performance of the index has shown
t to have a moderate correlation (rs = −0.64, p < 0.01) with ﬁne
ediment (Turley et al., 2014). Based on an analysis of 297 biomoni-
oring tools used throughout Europe (Birk et al., 2012), which found
he median correlation coefﬁcient of invertebrate-based indices
o be 0.64 in relation to their respective pressure, the correlation
etween PSI score and percentage cover of ﬁne sediment is compa-
able to other indices used in the implementation of the EU Water
ramework Directive. However, given the implications of incor-
ect assignment of ecological status of streams for both water and
and managers (from unjustiﬁed burdens being placed on the users
f water resources, to environmental damage going undetected),
reater effort is needed to improve the performance of the PSI index
nd other similar indices. The aim of this study was to investigate
f the performance of the PSI index could be enhanced through
eighting individual species in each of the FSSRs of the PSI index,
ased on empirical observations of invertebrate abundance and
ercentage cover of ﬁne sediment, collected across a wide range
f reference condition temperate stream and river ecosystems.
. Methods
.1. Data
The main data set used in this study was the RIVPACS IV (May
011 version) data set (River Invertebrate Prediction and Classiﬁca-
ion System – NERC [CEH] 2006. Database rights NERC [CEH] 2006
ll rights reserved). For a detailed description of the RIVPACS IV data
et, see Wright et al. (2000) and Clarke et al. (2003). In summary, the
atabase contains invertebrate, water quality and catchment char-
cteristics data, recorded at each site over at least one year, between
978 and 2004. The 835 sites, on temperate streams and rivers,
ere considered to be in reference condition with no, or only very
inor anthropogenic disturbances and supporting biota usually
ssociated with such undisturbed or minimally disturbed condi-
ions. The sites comprise a wide range of environments (Table 1),
arying in their (i) climate, (ii) catchment geology, (iii) topography
nd (vi) morphometry.icators 54 (2015) 82–86 83
The invertebrate data within the RIVPACS IV data set were col-
lected from the 835 sites, using a standardised 3 min  active kick
sample technique with a 900 m mesh pond net, where all in-
stream habitats within the site were sampled in proportion to
their occurrence (Environment Agency, 2009). Invertebrate abun-
dance was  recorded to species level or to the lowest possible
taxonomic unit (Wright et al., 2000). Each site has a season-speciﬁc
record of community composition2: spring (March–May), summer
(June–August) and autumn (September–November).
Fine sediment data were available for all 835 sites within the
RIVPACS IV database, including the percentage of the substratum
consisting of (i) silt and clay (<0.06 mm),  and (ii) sand (≥0.06
and <2.00 mm).  The visual assessment method, described in the
River Habitat Survey Field Survey Guidance Manual (Environment
Agency, 2003) was used to collect these data. This method involves
the operator, estimating the substratum composition over a given
reach, based on a visual inspection. The values used represent a
mean of three seasonal measurements2. Whilst this technique does
not quantify the volume of deposited ﬁne sediment, which PSI is
designed to relate to, it does provide a measure of the percent-
age cover, which theoretically should be related to the PSI index
(Glendell et al., 2013).
2.2. Statistical analyses
2.2.1. Developing the E-PSI index
The relevant data were extracted from the RIVPACS IV database
and compiled in Microsoft Excel. Prior to analysis the substratum
data <2 mm (sand, silt and clay) were combined and are referred to
as percentage ﬁne sediment. The reasons for this were that a recent
evaluation of the PSI index found this metric to be the most related
to PSI scores (Turley et al., 2014) and further, to acknowledge the
difﬁculties in differentiating between the various fractions using
the visual assessment method. Using SPSS statistical software (IBM
SPSS Statistics 20), the data were found to be non-normally dis-
tributed and show heteroscedasticity and could not be successfully
transformed. Therefore, the nonparametric Spearman’s rank cor-
relation was  used to analyse the relationships. The 835 sites were
split using random allocation, to create a training dataset (751 sites,
n = 2252) and an independent test dataset (84 sites, n = 252). This
90:10 split (similar to Kelly et al., 2012) of the dataset was  chosen in
order to maximise the number of sites used to develop the species
weightings, whilst leaving a sufﬁcient amount of data to test these
weightings. The PSI formula (Eq. (1)) was  re-cast as follows:
E-PSI =
∑M
j=1wj · log Aj
∑N
i=1wi · log Ai
· 100 (2)
Eq. (2): Formula used to calculate E-PSI scores using empirically-
derived species sensitivity weights and simpliﬁed abundance
weighted scores. Note: Log abundance categories (log A) in E-
PSI were simpliﬁed to: 1–9 individuals present = 1; 10–99 = 2;
100–999 = 3; 1000+ = 4.
In this equation, log Ai and wi are the log-abundance categories
and corresponding sensitivity weights for all N species, while log Aj
and wj are the log-abundance categories and sensitivity weights
for M sensitive species. Eq. (2) is more ﬂexible than Eq. (1) in
varying the sensitivity weightings on a species by species level. In
the original PSI index, all species within the same FSSR receive the
same log-abundance weights, which were developed through anand/or morphological adaptations that are associated with either a
2 834 sites have three seasons of data, one site has only two seasons of data.
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Fig. 1. Distribution of the optimum empirically derived species-speciﬁc sensitivity
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Table 2
Spearman’s rank correlation coefﬁcients for PSI, E-PSI, LIFE, EPT% abundance, EPT%
richness, ASPT, versus percentage ﬁne sediment (<2 mm) for the model training
dataset (n = 2252) and the model test dataset (n = 252).
Indexa Training dataset
correlationb
Test dataset
correlationb
E-PSI −0.76 −0.74
PSI −0.63 −0.66
LIFE −0.59 −0.57
EPT% abundance −0.59 −0.56
EPT% richness −0.55 −0.52
ASPT −0.50 −0.43
a Proportion of Sediment-sensitive Invertebrates (PSI), Empirically-weighted
PSI (E-PSI), Average Score Per Taxon (ASPT), Lotic-invertebrate Index for Flow
groups of both E-PSI and PSI scores (2 (9) = 138.44, p < 0.01 and
2 (9) = 112.80, p < 0.01, respectively). Post hoc analysis (pair-
wise comparisons) identiﬁed the groups whose distributions were
statistically signiﬁcantly different from one another. In total, 21
Table 3
Spearman’s rank correlation coefﬁcients for relationships between biological indices
for the model test dataset (n = 252).
Indexa E-PSIb PSIb
PSI 0.86 1.00
LIFE  0.77 0.91
EPT% abundance 0.73 0.76
EPT% richness 0.68 0.73
ASPT 0.58 0.69
aeights selected for the E-PSI index, within each of the original four Fine Sediment
ensitivity Ratings of the PSI index. Minimum, maximum (shown in the lower and
pper whiskers respectively), median (-), interquartile range (boxes).
ensitivity or tolerance to ﬁne sediment. In this study, species
eightings were constrained within a range around their original
stimates of sensitivity (FSSRs) so as to deviate only slightly,
rom the expert judgements (Fig. 1) and biological basis. Those
pecies originally identiﬁed (FSSRs) as moderately to highly
ensitive to ﬁne sediment were assigned a range between 0.5 and
.0, whilst species identiﬁed as moderately to highly insensitive
ere weighted between 0.0 and <0.5. Sensitive species were
ssigned this larger weighting as they were deemed to be the most
igniﬁcant species in terms of identifying sediment pressures,
hereas those species identiﬁed as insensitive, are tolerant of ﬁne
ediment but not necessarily directly reliant on it. Using a range of
eights acknowledges the breadth of ecological niches that inver-
ebrates occupy and also their differing potential as indicators.
he optimum species sensitivity weights were identiﬁed using the
mincon function (active-set algorithm) of MATLAB (Mathworks,
ersion R2014a). The fmincon function is a constrained nonlinear
ptimisation method (see Mathworks, 2014), which in this study
as used to test 100,000 iterations of species sensitivity weight-
ngs (within the constraints mentioned above) to ﬁnd the set of
eightings that produced the highest Spearman’s rank correlation
oefﬁcient between PSI and ﬁne sediment. The set of sensitivity
eights that yielded the maximum correlation were used as the
mpirically-weighted PSI (E-PSI) for further analysis.
.2.2. Testing the E-PSI index
In order to evaluate the E-PSI index, the correlation between E-
SI scores and percentage ﬁne sediment was calculated using the
est dataset. This correlation was then compared to the benchmark;
he correlation between PSI and percentage ﬁne sediment in the
ame test dataset. In addition, the correlation was compared with
hose correlations between percentage ﬁne sediment and other
on-sediment-speciﬁc indices; Average Score Per Taxon (ASPT)
Murray-Bligh, 1999), Lotic-invertebrate Index for Flow Evalua-
ion (LIFE) (Extence et al., 1999), Ephemeroptera, Plecoptera and
richoptera (EPT) percentage abundance, and EPT percentage rich-
ess.
Kruskal–Wallis tests were carried out on both PSI and E-PSI,y grouping the scores into independent groups (0–10, 11–20,
1–30, 31–40, 41–50, 51–60, 61–70, 71–80, 81–90 and 91–100).
he Kruskal–Wallis test returns a p-value which is used to deter-
ine whether any of the groups are signiﬁcantly different. GroupsEvaluation (LIFE), Ephemeroptera, Plecoptera and Trichoptera (EPT) percentage
abundance, and EPT percentage richness.
b All correlations are signiﬁcant at the 0.01 level (2-tailed).
of this size were selected due to the importance of discriminat-
ing between different levels of sedimentation, but also to account
for the uncertainties in both the sediment and invertebrate data
(smaller groups would need to be based on highly accurate and
precise data). Pairwise comparisons were then performed using
Dunn’s (1964) procedure with a Bonferroni correction for mul-
tiple comparisons, to determine which groups were signiﬁcantly
different.
3. Results
Fig. 1 shows the distribution of the optimum species sensitivity
weightings which were used to calculate E-PSI scores. The set of
weights that comprise the E-PSI index are available in the online
supplementary information.
The Spearman’s rank correlation coefﬁcients for E-PSI scores
versus percentage ﬁne sediment for the model training dataset and
the model test dataset are displayed in Table 2. The Spearman’s rank
correlation for E-PSI versus percentage ﬁne sediment for the model
test dataset (rs = −0.74 p < 0.01) was  eight percentage points higher
than the correlation between percentage ﬁne sediment and the
original PSI index for the model test dataset (rs = −0.66 p < 0.01) and
was also stronger than for the other indices tested. Additionally, the
correlations between the indices were analysed (Table 3) with all
(except ASPT versus E-PSI) showing strong correlations with each
other. The E-PSI had a weaker correlation with LIFE, compared to
PSI with LIFE (rs = 0.77, p < 0.01 and rs = 0.91, p < 0.01, respectively).
Fig. 2 illustrates the relationship between grouped E-PSI and
PSI scores and percentage ﬁne sediment across the test dataset.
Kruskal–Wallis tests showed that percentage ﬁne sediment val-
ues were statistically signiﬁcantly different between the differentProportion of Sediment-sensitive Invertebrates (PSI), Empirically-weighted PSI
(E-PSI), Average Score Per Taxon (ASPT), Lotic-invertebrate Index for Flow Evalua-
tion  (LIFE), Ephemeroptera, Plecoptera and Trichoptera (EPT) % abundance, and EPT
%  richness.
b All correlations are signiﬁcant at the 0.01 level (2-tailed).
M.D. Turley et al. / Ecological Ind
Fig. 2. Boxplot showing the relationship between percentage ﬁne sediment (based
on  visual assessment) and grouped E-PSI and PSI scores for the test dataset. Note:
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-), interquartile range (boxes). SPSS identiﬁes potential outliers as >1.5 times (©)
r >3 times (*) the interquartile range above the 75th percentile.
igniﬁcant differences were shown between grouped E-PSI scores,
ompared to 13 signiﬁcant differences for grouped PSI scores. These
xtra group differences were largely between groups with low E-PSI
nd high E-PSI scores.
. Discussion
The results of this study show that modelling using an extensive
mpirical sediment-invertebrate dataset in order to ﬁnd optimum
pecies-speciﬁc sensitivity weightings, has increased the sediment
peciﬁcity of the E-PSI index in comparison to the PSI index (rela-
ionship with percentage ﬁne sediment in test dataset: rs = −0.74
 < 0.01, compared to rs = −0.66 p < 0.01). By constraining these sen-
itivity weightings around the original FSSRs, the sound biological
asis and mechanistic linkage within the original PSI index has been
etained. An increased speciﬁcity is also shown by the results of the
ruskal–Wallis test which demonstrated an increase in the number
f signiﬁcant differences between ﬁne sediment values in grouped
-PSI scores, compared to grouped PSI scores.
The E-PSI index has a strong correlation with ﬁne sedi-
ent, which is higher than the median correlation coefﬁcient
0.64) of invertebrate-based indices (in relation to their respective
ressures) that have been reviewed in Europe (Birk et al., 2012). The
orrelation between percentage ﬁne sediment and E-PSI scores in
he test dataset is also stronger than for the other indices tested.
lthough those indices are not sediment-speciﬁc, EPT indices in
articular, are often used to identify sediment pressures, and have
een shown to respond to ﬁne sediment to varying degrees (Larsen
t al., 2009; Wagenhoff et al., 2012; Zweig and Rabeni, 2001). The
IFE index has been shown to be moderately correlated with ﬁne
ediment and highly correlated with PSI (Glendell et al., 2013;
urley et al., 2014) which is likely to be due to the relationship
etween ﬂow regime and ﬁne sediment dynamics (Matthaei et al.,
010). The Spearman’s rank correlation between E-PSI and LIFE is
eaker than for PSI and LIFE in the test dataset. Although both
re still strongly correlated (rs = 0.77, p < 0.01 and rs = 0.91, p < 0.01,
espectively), this reduced correlation between E-PSI and LIFE may
ndicate a greater independence of E-PSI from LIFE in comparison
o the original index.
Whilst there are limitations to opportunistic data analysis
Vaughan and Ormerod, 2010), it is shown to be useful in the
resent study to improve the speciﬁcity of the PSI index over a wide
ange of reference condition temperate river and stream ecosys-
ems. The E-PSI index appears more able to identify deposited
ne sediment conditions, but as previously discussed, sediment
s a natural component of rivers and streams and therefore, anyicators 54 (2015) 82–86 85
interpretation of E-PSI scores in terms of impact, should consider
observed versus expected scores taken from a reference-based
model. Given the uncertainties associated with methods of mea-
suring deposited ﬁne sediment, including the visual assessment
method utilised here, any further improvements to the E-PSI index
are likely to necessitate higher quality (more accurate and precise)
sediment data, which also incorporates the sediment dynamics pre-
ceding the invertebrate sampling.
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